Two series of polymers including polyimides and poly(aryl ether)s were prepared and used as active layers of polymer memories. The poly(aryl ether)-based polymers showed flash behaviors and polyimide-based polymers showed WORM behaviors. The poly(aryl ether)s flash memories can be negatively switched on and positively switched off, and the switching voltages are relative to the chemical structure of bisphenol moiety. On the other hand, the polyimide-based polymer devices can be bidirectionally switched on with comparable positive and negative switching threshold voltages, but cannot be switched off. The polyimides showed write-once-and-read-many-times (WORM) memory behavior. The poly(aryl ether) (AZTA-PAEb) showed very different memory behavior from polyimides (AZTA-PI and AZTA-PEI) although they contain the similar chemical structure (electron-donor triphenylamine and electron-acceptor triazine moieties). The imide structure in the polyimides plays a great role in the memory effects.
Introduction
Conventional microelectronics is based on inorganic semiconductor-based integrated circuits to a large extent. However, a number of physical and economic factors threaten the continued scaling down of the silicon-based memory devices, which have motivated research into the organic material-based memory devices. [1] [2] [3] In comparison to inorganic materials, organic materials possess many attractive features, including good flexibility, miniaturized dimensions, ease of processing, and the possibility for molecular design through chemical synthesis. In comparison to memory devices based on inorganic materials, molecular and polymeric memories exhibit advantages of low-cost potential, simplicity in structure, good scalability, 3D stacking capability, large capacity for data storage, and flexibility. [4] Other than the inorganic materials-based memory devices, which store and retrieve the data based on the amount of charges stored in the device, organic memory devices store data in another form, for instance, based on the electrical bistability in response to an applied electric field. A number of organic materials, including conjugated molecules and polymers, [5] [6] dopant, [7] and complex systems, [8] have been investigated for memory applications. The materials, devices and mechanisms aspects of polymer electronic memories have recently been reviewed. [9] However, the relations between polymer structures with memory effects such as memory mode and switching voltages are still not understood. The aim of this work is to report several novel polymers containing similar donor and acceptor moieties with their memory effects.
Polymer Materials and Basic Characteristics. Two series of polymer-based memory materials including polyimides and poly(aryl ether)s are sketched in Scheme 1. The three polyimides (OXTA-PI, AZTA-PI, AZTA-PEI) were prepared by a conventional two-step method via reacting equimolar of newly prepared analogue diamines with 4,4′-hexafluoroisopropylidenediphathalic anhydride (6FDA) to form poly(amic acid)s at ambient temperature, followed by chemical cyclodehydration. The glass transition temperatures of the three polyimides are 317, 304 and 273 o C, respectively. The poly(aryl ether)s (AZTA-PAE series) were prepared from the newly prepared difluride (3,5-bis(4'-fluorophenyl)-4-nitrophenylamine-1,2,4-triazole)) and analogue bisphenols via nucleophilic aromatic substitution reactions carried out in 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU). The glass transition temperatures of the three poly(aryl ether)s are 187, 201 and 199 o C, respectively, for AZTA-PAEa, AZTA-PAEb and AZTA-PAEc. The structures of the monomers and polymers were confirmed by elemental analysis, NMR-spectra and FT-IR. The polymers (AZTA-PEI and AZTA-PAE series) containing ether moiety showed better solubility and lower glass transition temperatures than the rigid polyimides (OXTA-PI and AZTA-PI) due to the flexible linkage. Table 1 . The memory devices based on AZTA-PAE polymers showed similar switching behavior as shown in Figure 2 (a)~(c). [10] The polymers only can be switched on (write in) in negative sweep and switched off (erasing) in positive sweep. The three poly(aryl ether)s showed flash memory behaviors. However, the switching on and switching off bias voltages are different. The mechanism is not well understood now. However, the results suggest that the memory mechanism for 4 Key Engineering Materials II these polymers is similar but the memory behavior is affected by the bisphenol moiety, which will change the electron density on the 1,2,4-triazole moiety in the polymer and consequently the charge transfer ability in the polymer will be changed. The stability of the devices under a constant stress of 0.5 V is also shown in Figure 2(d) . A little bit of degradation in current was observed during the test (10000 seconds). On the other hand, the polyimide series exhibited very different memory effects from poly(aryl ether) series. The polyimides [11] [12] exhibited similar memory effects with different switching behaviors as summarized in Table 1 . Takeing as an example, the memory effects of ITO/AZTA-PI/Al device are shown in Figure 3 . The J-V curve of initially negative sweep of the device is shown in Figure 3 The ON/OFF current ratio is in the order of 10 5 at -1 V. The device exhibited good stability in the ON state during the subsequent negative and positive sweeps, and it did not return to the OFF state even after turning off the power (the 2nd sweep) or upon applying a reverse sweep (the 3rd sweep). The non-volatile and non-rewritable natures of the ON state demonstrate that the AZTA-PI based device exhibits write-once read-many-times (WORM) type memory effects. The effects of operation time and read pulses on the memory device at room temperature are shown in Figure 3 (b) and (c) . Under a constant stress of -1 V, or read pulses of -1 V, no obvious degradation in current density was observed for both the ON and OFF states of the present device (Figure 3 (b) ). The ON and OFF states are also stable up to 1×10 8 read pulses of -1 V, as shown in Figure 3 (c). Devices with different active areas of 0.4×0.4 mm 2 , 0.2×0.2 mm 2 , and 0.15×0.15 mm 2 show almost the same J-V characteristics, indicating that the current density is independent of the device areas. The stability of the AZTA-PIa device under elevated temperature was also tested. Both the ON and OFF states were stable at 100 o C under ambient conditions over a 6-h period,The memory effect of the device was also tested with an initial positive electrical sweep, as shown in Figure 3 (d) . The polyimides can be written bidirectionnally with comparable positive (Figure 3a ) and negative (Figure 3d ) switching threshold voltages. The three polyimides showed similar write-once-read-many-times (WORM) behaviors. Simulation. To obtain a better understanding on the switching behavior of the polyimide-based memory devices, the electronic properties were studied by density functional theory (DFT) by calculating the molecular orbitals of the basic units. Twisted intramolecular charge transfer (TICT) process was first introduced by Grabrowski et al. [13, 14] to explain the anomalous dual fluorescence of 4-(N,N-dimethyl-amino)benzonitrile (DMABN). The application of the TICT modal is extended to the field of polymer electronic memories. For the polyimides (OXTA-PI, AZTA-PI, and AZTA-PEI), under an electric field, CT occurs between the donor and acceptor moieties, giving rise to a conductive CT state. The polymer memory devices are thus switched from the initial low-conductivity (OFF) state to the high-conductivity (ON) state. The accompanying molecule twisting places an intramolecular energy barrier for the back CT, which stabilizes the CT state and results in a non-volatile ON state. Due to the steric effect of the carbonyl groups in the phthalimide moieties, the three polyimides all exhibit pretwisted conformations, with the dihedral angles between the phthalimide plane and the adjacent benzene ring (θ1) being 42.2°, 42.9°, and 41.1° for OXTA-PI, AZTA-PI, and AZTA-PEI, respectively. Upon excitation, the dihedral angles exhibit increase to 58.8°, 60.3°, and 54.9°, respectively. Moreover, an additional twisting between the phenoxyl plane and the triazole plane is observed in AZTA-PEI, with the dihedral angle (θ2) increasing from 66.7° in the ground state to 72.8° in the excited state. The more twisted conformation in the excited state decouples the donor and acceptor moieties, and generates an energy barrier which prevents the back transfer of charges. As a result, the conductive CT state (ON state) is sustained, and cannot be dissociated even by a reverse bias. Molecular simulations of the three polyimide molecules at both ground and excited states (the OFF and ON states of the device) were carried out to better understand the mechanism underlying the electrical switching phenomena.
Summary
The memory effects of poly(aryl ether)s containing 1,2,4-triazole in the main chain and pendant triphenylamine moieties exhibit flash memory effect, while polyimides containing oxadiazole or 1,2,4-triazole moiety in the main chain with pendant triphenylamine groups showed WORM characteristics. The polymer AZTA-PEI containing imide and ether groups showed WORM effects. The imide plays an important in the memory effects.
